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Abstract

Experimentally the motional resonances spectra of an electron cloud confined in a quadrupole Penning trap, weakly excited with RF field, which
is swept from 1 MHz to 1 GHz was examined. The higher order motional resonances of the electron cloud with non-linear axial oscillations show
that they result from couplings in the motional degrees of freedom, which characterize the perturbations in the trap, and cause loss of electrons
from the trap. The likely presence of perturbative terms of quadrupole potential is identified by studying the motional resonances spectra and
hence the multipole terms are calculated. A periodically forced barrel spring with a steel ball at the free end can be regarded as a model of
non-linear oscillator and a periodically forced steel ball hung through a flexible rod, which is deflected alternately toward the two magnets can
be regarded as a mechanical model of Duffing oscillator are developed, in analogy to observed higher order motional resonances of the electron
cloud excited with different RF field powers.
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1. Introduction from direct excitation of the side band frequency (f + f,,). In
this paper investigations on motional resonances of an electron
cloud probed from the radio frequency of 1 MHz to 1 GHz are
presented, which helps in characterizing the instabilities of the
electron plasma in the trap. The non-linear higher order mo-
tional resonances of the electron cloud show that they result
from couplings in the motional degrees of freedom that charac-
terize the perturbations in the trap [4, 5, 6].

The motional resonances spectra of electrons contain the
fundamental eigen frequencies, viz. the modified cyclotron fre-
quency (f7), magnetron frequency (f,,), axial oscillation fre-
quency (f;) and their linear combinations in Penning trap [1, 2].
These frequencies can be measured by resonant excitation of
the motion of electrons with RF-field applied to the trap elec-
trode. The linear combinations of the fundamental frequencies
and their harmonics become visible in the spectrum of mo-
tional resonances, which also depend on the power of the RF 2. Theory

field [3]. Th lotron fi - be obtained L .
cld [3] ¢ pure cyclotron frequency (/) can be obtaine The general form of the potential in Penning trap can be

written as [7, 8, 9, 10, 11]
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The presence of higher order terms in the potential due to
perturbations cause couplings among the motional degrees of
freedom of electrons, and result in motional resonances which
occur at certain linear combinations of fundamental frequencies
in addition to the characteristic fundamental Eigen frequencies
and their harmonics [7, 8, 9]. Thus at these frequencies in mo-
tional resonances spectra, we may express the relation among
the pure eigen frequencies as [1, 2, 9, 10, 11]

ni‘fc, + M fm . f; =0 2)

where n;,n,,n, are integers, there are many possible sets of
integer triplets (.., n,,, n;) which can be predicted using MAT
Lab Code, but only a few are observed in motional resonances
spectra. We know that the eigen frequencies are given by [7, 8,
9,10, 11]

f,_fc+\/f(,2—72fz2 ; _fc_\/m
c = > s fn = > ’

3)
fo= it = A

Let
A =20, = np) +4n%, B = =2(n.+n)n,,C = 4n'n,,(4)

then
Aw? - 2Bw.w, + Cw? =0 5)
k= BEVEZAC \/iz_ﬁ. ©)
Here K = % = £ £ > V2f, Kpax = 1/ V2, where K is a

We fe? .
constant related to the integers 7., n,,, andn,. For stable trap-

ping condition, w, > \/Ew and K, = 1/ V2 = 0.7071 or
0 < K < 1/V2. One can compute numerically the integer
triplet (n.., n,,, n;) sets for a given value of K, and hence a list
of possible integer triplets for different values of K. Motional
instabilities may occur at frequencies that satisfy 2 for any par-
ticular value of K < 1/ V2.

Table 1: Different values of K for different magnetic fields and storage voltages

B(10*T) K@V) K(@10V)
97 0.069878  0.210543
258 0.032437  0.072532

An expression of the potential of the form given by equation
(1) in a Fourier series restricts the integer triplets as [7, 8, 9, 10]

@)

This equation indicates that the perturbations at least of order n
are present. However all of these perturbations may not cause
instabilities.

[ + [l + g < n
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3. Experimental Procedure

The quadrupole Penning trap is designed with three-
electrode infinite hyperboloid revolution of structure, which
consists of two end-cap electrodes and a ring electrode. The
equation of hyperbola of ring electrode is % - j—% = +1 and that
~5=-1.
The dimensions of Quadrupole Penning trap are designed such
that ry = \/Ezo = 7mm, where ry is the inner radius of the ring
electrode in the radial plane and zy = 5mm is half of the ver-
tical distance between the two end-cap electrodes. A thoriated
- Tungsten filament is used to generate electrons by thermionic
emission through the passage of small 6 V dc current. We gen-
erate magnetic field using an electromagnet by passing a dc
current of 0 - 20 A through a pair of coils of wire separated
by 11.5 cm. Magnetic field is generated by electromagnetic in-
duction and it can be measured using Hall probe and magnetic
field at the trap centre measured from cyclotron frequency from
Motional resonances spectra is very accurate is mentioned here.
The electrons are trapped in ion trap at a vacuum pressure range
of 107% to 107'° torr range created by turbo molecular pump
with backup rotary vane pump and ion pump. High vacuum
of 1077 torr can be created and maintained by turbo molecular
pump. An ion pump is used to create ultra high vacuum of up
to 10710 torr [11].

The arrangement to measure the motional resonances of
trapped cloud of electrons in Penning trap is described in this
section. The couplings in the motional degrees of freedom of
the electron cloud are determined by probing the confined cloud
of electrons, through exciting the additional modes of oscilla-
tions by external RF field applied through an external antenna as
shown in Figure 1. We fed RF energy into the trap using a small
antenna placed into a narrow hole of the ring electrode and it is
isolated from the ring using a ceramic washer. The antenna is
basically a co-axial cable of copper wire; the outer insulating
cover has been removed partly and inserted into a narrow hole
made in the ring electrode. The insulator separating the outer
metal sheath and the inner copper wire is not an UHV compati-
ble material, but we have created a vacuum of 10~ torr without
much difficulty, beyond which one may have to use an alterna-
tive material. The RF generator switched to sweep mode and is
used to feed RF energy into the trap through the antenna.

The RF power is kept very low of the order of a few /X to
weakly probe the motion of the trapped electron cloud. If the
RF power is kept high, then it will resonantly drive the trapped
electron cloud in the trap and more electrons are lost. The con-
stant signal strength of resonance absorption signal of electrons
in the absence of external excitations is recorded, and the detec-
tion cycle is repeated continuously. The constant signal height
of electrons serves as a baseline of reference for the motional
resonance spectrum measurements. When the electrons are ex-
cited by continuously sweeping the RF field, the motional fre-
quencies of electrons respond to the external RF field at an ap-
propriate step of frequency, consequently some of the electrons
gain enough energy to escape the trap, consequently the signal
strength is reduced and appear as dips, whose strength is di-

of two similar end - cap electrodes are given by :—z
0
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Figure 1: Quadrupole Penning trap with antenna to feed RF field

rectly proportional to the total number of electrons lost from the
trap. The data of signals of electrons are continuously acquired
and recorded using a Lab VIEW program written in a com-
puter, which yields the desired motional spectrum of trapped
electrons. A personal computer installed with Lab VIEW pro-
gram is used for data acquisition and control trap system using a
multifunction NI DAQ card. It controls, monitors and synchro-
nizes four tasks viz. generates the trap potential and timing,
controls the electron loading, and controls the RF Sweep and
data acquisition. The Motional Resonance Control and Acqui-
sition (MRCA) Lab VIEW program runs all the tasks simulta-
neously and are performed in a times share method and all tasks
are synchronized at the beginning. All the four modules of the
program and the tasks are described in detail below:

Trap potential timing sequence:. The ring voltage is timed so
that it is suitable to trap and detection, to meet the requirements
of motional resonances and the time dependence of the voltage
is controlled by the Lab VIEW program called Motional Res-
onance Control and Acquisition (MRCA) using computer. The
time measurement cycle has mainly 6 stages as shown in Fig.2
[1,6,11,12].

(i) Loading control: The electron loading can be controlled
by controlling filament current or the negative bias volt-
age provided by a DC power supply applied between the
filament and the closer end cap. The electron loading is
turned OFF by reducing the bias or brought close to zero.
The bias is turned ON during the creation time (¢), for a
short while of about 100 ms and then turned OFF till the
first detection cycle is over.

Sweep control: A radio frequency generator operated in
the sweep mode is used for generating RF field which is
fed through the antenna. The sweep is done in two fre-
quency ranges, the first range is from 1-100 MHz in steps
of 0.1 MHz and the second range is 100-1000 MHz in
steps of IMHz.

Data acquisition: The trap potential with the pre-defined
time cycle begins; the data is acquired continuously and
sampled at a rate of 1000 samples per second using the
Lab VIEW program developed in computer and the data
obtained is plotted in Origin.

(i)

(iii)
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Figure 2: Trap potential timing sequence, #;: Creation time (100 ms), #: Cool-
ing time (10 ms), #3: Storage time (120 ms), #4: Detection time (60 ms), #5:
Kick out time (10 ms), fg: Waiting time (100 ms).

4. Results and Discussion

The motional resonances spectra of trapped electrons con-
tain the fundamental oscillation frequencies f/, f,,, f;, in addi-
tion some of their linear combinations, satisfying the equation
n.fl + ny fm + n. f. = C and multiples of these frequencies n..f/,
nmfm, and n, f,. We have carried out measurements close to the
stability limit at magnetic fields of 97G and 258G.

(1) RF field power dependence: When the power of RF field
is —10d Bm then the trapped cloud of electrons is more un-
stable. More resonances dips are observed due to quick
loss of electrons from the trap. On the other hand if the
power of RF field is —100dBm then the excitation is very
weak and the trapped cloud of electrons are slightly un-
stable, then some of the higher order axial oscillation res-
onances dips disappear and the intensities decrease with
higher orders of resonances, as loss of electrons from the
trap decreases . It can be observed from the Figure 3 (i),
(i1) and (iv) that the axial oscillation frequency f; and its
higher order multiples 2f;,3f,,4f, are observed at both
the magnetic fields of 97G and 258G. But the intensities
of f,,2f,,3f, and 4f, decreased with decrease in power of
RF field. But the modified cyclotron frequency and the
side band frequency are almost remaining unchanged.

Storage voltage dependence: On comparing Fig.3 (iii)
and (i) we can observe that, as the storage voltage is
increased, the dips corresponding to axial resonances
shift towards the region of higher frequencies of reso-
nances spectra but the dips corresponding to cyclotron
frequency and the side band frequency resonances remain
unchanged. As the axial frequency and storage voltage are

related as f, < VVy ( fi= %T A/ ‘:;’;2" ), the shifts in dips cor-
responding to axial resonances are directly proportional
to square root of storage voltages. But the pure cyclotron
frequency is independent of storage voltage and hence the
dips corresponding to cyclotron frequency and side band
frequency (f. = f! + f») resonances remain unchanged.

(ii)
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Figure 3: Motional resonances spectra showing dips for different magnetic fields, storage voltages and RF field powers of (i) 97G, 10V,-10dBm (ii) 97G, 10V,
-100dBm (iii) 97G, 2V, -10dBm, (iv) 258G, 10V, -10dBm [11]

(iii)

®

Magnetic field dependence: The resonances spectra
show the dependence on magnetic fields as observed in
Figure 3 (i) at 97G and (iv) at 258G. The axial oscillation
frequency f; and its higher order multiples 2f,, 3 f,, 4 f, are
observed at both the magnetic fields of 97G and 258G.
The axial frequency (f; ) is independent of magnetic field,
but the modified cyclotron frequency and magnetron fre-
quency show dependence on the magnetic field.

5. Oscillators models

Non-linear driven and damped harmonic oscillator
model: We can develop a model of non-linear driven and
damped harmonic oscillator for cloud of trapped electrons
at very low RF field power of -100 dBm as shown in
Figure 4 [13, 14]. Non-linear spring is one that exerts
a variable rate of force per unit displacement due to ex-
tension. A nonlinear spring has a defined non-linear load-
displacement function, being equivalent to strain energy
absorption rate of the spring. This means that the load
applied to the spring is not proportional to the amount of

78

extension produced, based on the spring’s stretching rate
as it is variable. A barrel spring’s stretching rate is not a
constant and whose force is based on a variable increase
per unit distance of travel due to the different outer diam-
eters per coil. The barrel spring’s pitch is highly involved
in spring’s force, travel capacities and so having a vari-
ation of pitch between spring’s coils will definitely alter
springs force, turning this into a non-linear spring [14].
The equation of motion is given by

®)

The response at the third harmonic is generated by the
cubic component of the restoring force (Fresore).- FoOr a
sinusoidal displacement z = zq (cos wt + i sin wt) = zpe™”,
the restoring force is given by [14]

Frestore = _ngZ_,BZS = _ngz()e—iwt_ﬂzgeﬂwt.(g)

M7+ az — Frestore = Foz sin wt

With sinusoidal RF drive at frequency f, this non-linear
cloud of electrons will respond at both the drive frequency
f, and at the third harmonic of the drive frequency gen-
erating the third harmonic 3f. For non-linearities at the
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Figure 4: The strengths of 3rd harmonics in Motional resonances spectra for different magnetic fields, storage voltages and RF field powers of (i) 97G, 10V,-10dBm
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Figure 5: Magnetic field at the trap centre measured from cyclotron frequency

from Motional resonances spectra

higher powers of z”, the trapped cloud of electrons will
generate the n harmonic at frequency nf . When we
drive the simple oscillator with a sinusoidal driving force,
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Figure 6: Axial resonance frequency versus square root of storage voltage

we get a response at the driving frequency. Suppose that
we drive a nonlinear system with a frequency f;, the out-
put consists of the original frequency f; and its harmonics
2f.,3f.,4f., etc. The presence of harmonics depends on
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Figure 7: A periodically forced barrel spring with a steel ball at the free end
can be regarded as a model of non-linear oscillator

the non-linearity in the cloud of electrons. The set of fre-
quencies which are related to each other by integer ratios
as f, = nf, is called the harmonic series [15].

Driven Duffing oscillator model: We can develop a
model of certain forced and damped non-linear oscillator
described by non-linear second-order differential equation
named after George Duffing as Duffing oscillator, for high
RF field power of -10 dBm as shown in Figure 5 [16, 17].
The forced Duffing oscillator is a system for the study of
chaotic dynamics and development of analytical and ex-
perimental techniques for nonlinear systems. The double-
well Duffing oscillator model considered here is a narrow
ferromagnetic flexible rod whose one end is fixed to a
rigid support attached to a driving system and the free end
carrying a steel ball, and positioned between two perma-
nent magnets while undergoing lateral forces. This me-
chanical system has several features of the model Duft-
ing oscillator such as a potential for the lateral position
of the ball created by the two permanent magnets; non-
autonomous forcing resulting in motion of the ball, po-
tentially chaotically between the two wells; and mechani-
cal dissipation within the ball and also from air resistance
against the motion of ball [18, 19]. The non-linear oscilla-
tions arise from a forced and narrow flexible rod with steel
ball-magnets system, moving in the magnetic fields of two
permanent magnets. As the flexible rod with steel ball is
excited with an AC current, a cubic magnet-position de-
pendent force appears on it. The magnet-flexible rod with
steel ball interactions, results in the non-linear equation
of motion similar to trapped electrons, this is found to be
a forced and damped cubic Duffing oscillator moving in a
quartic potential [20]. The motion of centre of mass of the
cloud of electrons is described by non-linear second-order
Duffing differential equation [14, 15]

(i)

MZ+az'+Mw§z+,Bz3 = Fyzsin wt (10)

The symbols «,8, and w are constants such that « is
damping coefficient, 8 is anharmonic coeflicient and w,
is harmonic coefficient. The appearance of the non-linear
term Bz° in Duffing equation changes the situation com-
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Figure 8: A periodically forced steel ball hung through a flexible rod, which is
deflected alternately toward the two magnets can be regarded as a mechanical
model of Duffing oscillator when the force is very strong [21]

pletely. For @ > 0, the Duffing oscillator can be in-
terpreted as a forced oscillator with a non-linear spring
whose restoring force is written as [21] Firegiore = —@2 —
BZ3. If B > 0, the force is very strong, on the other hand
if B < 0, the force is very weak. The potential of time-
independent part of force Mw?z + MBZ’ is [22, 23]

1 1
V(z) = Ewazz + ZMﬁz“ (11)

6. Perturbative multipole terms in quadrupole potential

Now consider the quadrupole potential in Penning trap on
expanding equation (1) as

2
1
@é(r,0) = ¢o |Co + Cy (L)(cos 0) + C» (L) + = [cos26 — 1]
ro ro 3
(12)
r\' 8
+ C3 (—) —[cos 36 — 3 cos 8]
ro 5
r\* 192
+C4|— | ——[cos460 —80cos26—7]...
ro) 105

The Legendre coefficients C, and C,4 represent the quadrupole
term and octupole term respectively. Here C, represents the
pure quadrupole term which can be normalized to 1, and Cy is
the most likely leading term of the perturbation.

(i) Quadrupole moment co-efficient (C, ) The quadrupole
moment co-efficient C, can be calculated from axial fre-
quency as [8, 11]

4V (1+C) A f2m (13 +222)
(,Uz = s E—— 2= "
m (rg + 2z(2)) 4eVo

If £ =10x10° Hz and V,, = 0.7V, then C, = —0.2. From
Figure 6, C, value can be calculated from slope 13.4 x 100
of cyclotron frequency v/s square root of trap voltage

[

=13.4x 10°
VWo

(14)

-1(13)
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ﬂzm(r(2)+2z(2))[ £ ]2_1

2 NG

(ii) Octupole moment co-efficient (C,)
The octupole moment co-efficient C4 can be measured
from the width of the axial resonance line. If E, is the
energy in axial direction, f; is the axial frequency of os-
cillations, R = 5 mm is the amplitude of the axial oscilla-
tions, we consider R to be the radius of the electron cloud
with the identical resonant frequency [9, 11].

3 C4EZ(UZ N eV()

Aw, = , Cy =
YT, T GrELS

If f. = 10x10° Hzand Vo = 0.7 V, then E; = $m,w?E?2, =
4.486 x 1072 J. Therefore C4 ~ 0.032.

C, = = 0.1 (15)

Aw, (16)

Table 2: C, and C4 simulation values for trap design and experimental values

C, Equation Trap design Experimental
values simu-  values
lation
(2 12
c, W) g gy 02
Cs iAo, 0.03 0.032

7. Conclusion

The non-linear higher order motional resonances of the
cloud of electrons are observed, that result from couplings in
the motional degrees of freedom and characterize the pertur-
bations in the trap. The likely presence of perturbative terms
of quadrupole potential is identified by studying the motional
resonances spectra and hence Quadrupole moment co-efficient
(C»), Octupole moment co-efficient (C4) multipole terms are
calculated. The resonances spectra show the dependence on
magnetic fields, RF field powers and storage voltages. A pe-
riodically forced barrel spring with a steel ball at the free end
can be regarded as a model of non-linear oscillator and a peri-
odically forced steel ball hung through a flexible rod, which is
deflected alternately toward the two magnets can be regarded
as a mechanical model of Duffing oscillator are developed for
the observation of non-linear higher order axial oscillatory mo-
tional resonances that consist of the original frequency f; and its
harmonics 2f;,3f;,4f,, etc and the presence of harmonics de-
pend on the non-linearity in the cloud of trapped electrons, for
different RF field excitation powers of -10dBm and -100 dBm,
respectively.

Appendix

MATLAB Code for generation of all possible integer
triplets [11] for K = 0.02

A1=0.0220;
B1=0.0218;
A2=0.0220;
B2=0.0218;

h=1;

for nc=0:1:5

for nm=-10:1:10

for nz=-10:1:10

A=2*x(nc-nm) "2+4*nz"2;

B=-2%(nc+nm) *nz;

C=4*nc*nm;

L=abs (nz)+abs (nc)+abs (nm) ;

if (A>0)

if ((B~2-A%C)>=0)

K1=(B+sqrt (B~2-A*C))/A;

K2=(B-sqrt (B~2-A*C))/A;

if ((K1<=0.022) && (K1>0.018)) || ((K2<=0.022)
&& (K2>0.018))

char(h, :)= [nc, nm, nz, L, Ki];

h=h+1;

end

end

end

end

end

end
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